Dendritic cells (DCs) are the most efficient antigen-presenting cells (APCs) because of their ability to capture, process, and present antigens to naive T lymphocytes. 1 DCs can be classified into 2 major categories: conventional DCs (cDCs), which in turn include different DC subsets, and plasmacytoid DCs (pDCs), which have emerged over the last few years as an important DC subset involved in both innate and adaptive immune responses. 2 In mice, pDCs can be identified as CD11c int B220 ϩ cells found in bone marrow, blood, thymus, and peripheral lymphoid organs. [3] [4] [5] These cells provide an initial defense mechanism against viral infection by producing large amounts of type I interferon (IFN) on recognition of viral nucleic acids through Toll-like receptors (TLR) 7 and 9. After exposure to maturation stimuli such as TLR-ligands or signals from activated T lymphocytes such as CD40L, pDCs can also act as APCs, participating in the induction of antigen-specific T-cell responses and activating other components of the immune system such as NK cells and B cells. 6 Growing evidence supports the essential role of pDCs in viral immunology, 7 inflammatory and autoimmune diseases, 8 and tolerance induction. 5, 9, 10 In steady state, pDCs display an immature phenotype characterized by low expression of major histocompatibility complex (MHC) class II and costimulatory molecules and a markedly limited T-cell stimulatory potential. 4 Reports demonstrating that immature DCs can induce T-cell tolerance against self-antigens 11 have led to proposals that pDCs might be involved in the maintenance of immunologic T-cell tolerance. This concept is supported by recent studies that addressed the tolerogenic role of pDCs both in vitro 5,9 and in vivo 10, 12 ; however, the mechanisms by which immature pDCs may exert a tolerogenic function remain unclear.
Introduction
Dendritic cells (DCs) are the most efficient antigen-presenting cells (APCs) because of their ability to capture, process, and present antigens to naive T lymphocytes. 1 DCs can be classified into 2 major categories: conventional DCs (cDCs), which in turn include different DC subsets, and plasmacytoid DCs (pDCs), which have emerged over the last few years as an important DC subset involved in both innate and adaptive immune responses. 2 In mice, pDCs can be identified as CD11c int B220 ϩ cells found in bone marrow, blood, thymus, and peripheral lymphoid organs. [3] [4] [5] These cells provide an initial defense mechanism against viral infection by producing large amounts of type I interferon (IFN) on recognition of viral nucleic acids through Toll-like receptors (TLR) 7 and 9. After exposure to maturation stimuli such as TLR-ligands or signals from activated T lymphocytes such as CD40L, pDCs can also act as APCs, participating in the induction of antigen-specific T-cell responses and activating other components of the immune system such as NK cells and B cells. 6 Growing evidence supports the essential role of pDCs in viral immunology, 7 inflammatory and autoimmune diseases, 8 and tolerance induction. 5, 9, 10 In steady state, pDCs display an immature phenotype characterized by low expression of major histocompatibility complex (MHC) class II and costimulatory molecules and a markedly limited T-cell stimulatory potential. 4 Reports demonstrating that immature DCs can induce T-cell tolerance against self-antigens 11 have led to proposals that pDCs might be involved in the maintenance of immunologic T-cell tolerance. This concept is supported by recent studies that addressed the tolerogenic role of pDCs both in vitro 5, 9 and in vivo 10, 12 ; however, the mechanisms by which immature pDCs may exert a tolerogenic function remain unclear.
The initiation of an immune response involves initial transient DC-T-cell contacts that allow T cells to scan the DC surface for specific MHC-peptide ligands. 13 Once T cells have encountered their specific antigenic peptides, the DC-T-cell interaction is stabilized by the formation of a structure known as the immunologic synapse (IS). It has been described that the mature IS comprises 2 concentric supramolecular activation clusters (SMACs): a central SMAC (cSMAC), where antigen receptors and signaling molecules are located; and a surrounding peripheral SMAC (pSMAC), containing adhesion molecules and cytoskeletal elements. 14, 15 In addition, it has been proposed that T-cell receptor (TCR) microclusters initially assemble at the pSMAC, where early phosphorylation events take place, and then move to converge in the cSMAC, where signaling is terminated by internalization and degradation of membrane receptors. 16 We have analyzed the organization of the IS formed between pDC and T lymphocytes as well as its kinetics and their potential implications in the activation of T cells. By using immunofluorescence analysis, in vitro confocal time-lapse live videomicroscopy and intravital 2-photon microscopy, we found that mature pDCs were able to form long-lived canonical IS with CD4 ϩ T cells. In contrast, immature pDCs mostly established short-lived contacts. In addition, whereas mature pDCs were able to efficiently induce the activation of T cells, immature pDCs showed a very limited immunogenic capability.
Methods

Mice and DCs
C57BL/6, OT-II, C57BL/6 Ly5.1 Pep 3b , and UBI-GFP mice were bred under specific pathogen-free conditions, following European recommendations.
DCs were in vitro-differentiated from bone marrow in RPMI 1640 medium with 10% fetal bovine serum, 50 M 2-mercaptoethanol, and 100 ng/mL Flt3-ligand (Flt3-L; PeproTech, Rocky Hill, NJ). Maturation was induced with cytosine-phosphate-guanosine (CpG) oligodeoxynucleotide-1826: TCCATGACGTTCCTGACGTT (24 hours, 6 g/mL). pDCs and cDCs were isolated using an AUTOMACS sorter (Miltenyi Biotec, Auburn, CA). Splenic DCs and pDCs isolated ex vivo from lymph nodes were obtained as described. 5 Flow cytometric analyses were performed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). Institutional Review Board approval for the studies was obtained from the National Center of Cardiovascular Research.
T-cell stimulation assays
OT-II cells were cocultured with either immature or mature pDCs or cDCs (10:1 T cell/DC ratio; 10 5 cells/well; 72 hours) in the presence of ovalbumin (OVA) peptide and analyzed for cell proliferation and activation by 3 H-thymidine uptake ( 3 H-TdR, 1.0 Ci/well) and CD25 surface expression.
Conjugate formation and immunofluorescence assays
OT-II cells, loaded with chloromethyl aminocoumarin (5 M, 30 minutes, 37°C; Invitrogen, Carlsbad, CA), were mixed with DCs (3:1 T-cell/DC ratio) with OVA peptide (10 g/mL, 30 minutes; at 37°C), centrifuged, and incubated (37°C; 15 minutes or 2 hours). Cells were fixed for 5 minutes in 4% formaldehyde-phosphate-buffered saline and stained with phalloidinAlexa 568 (Invitrogen), anti-␣-tubulin-fluorescein isothiocyanate (FITC; Sigma-Aldrich, St Louis, MO), anti-phospho-Tyr174 Vav (pY174; from Dr X. Bustelo, Salamanca, Spain), anti-Arp2/3, anti-protein kinase C-(PKC-), and anti-Talin (Santa Cruz Biotechnology, Santa Cruz, CA) followed by secondary antibodies labeled with Rhodamine-X or Alexa 488 (Invitrogen). Ex vivo pDC conjugates were stained with anti-CD11c-FITC (BD PharMingen, San Diego, CA) and anti-PKC-, followed by Rhodamine-X.
Western blot
DCs (5 ϫ 10 5 ) were mixed with OT-II cells (5 ϫ 10 6 ), incubated (37°C, 15 minutes), and lysed; Western blot analysis was performed as previously described. 17 Results are expressed as the arithmetic mean plus or minus SD of the fold induction relative to the immature pDC condition.
Time-lapse fluorescence confocal microscopy
Coverslips were coated with fibronectin (20 g/mL; Sigma-Aldrich), mounted in Attofluor open chambers (Invitrogen), and OVA peptidepreloaded DCs (2 ϫ 10 5 ) were allowed to adhere for 30 minutes. OT-II T cells (6 ϫ 10 5 ), incubated with calcein (5 M; Invitrogen), were added, and the chambers were maintained at 37°C, 5% CO 2 . Confocal images were acquired and processed as described for immunofluorescence assays.
Immunohistologic staining
Spleens were embedded in tissue freezing medium (OCT, Tissue-Tek; Sakura Finetek Europe, Zoeterwoude, The Netherlands) and flash frozen in liquid nitrogen; 5-m cryosections were stained with anti-MOMA-1-biotin (BMA Biomedicals, Augst, Switzerland), anti-CD3-Alexa 647 (Invitrogen), Hoechst 33258 (Invitrogen), and anti-green fluorescent protein (GFP; Santa Cruz Biotechnology). Secondary antibodies were from Invitrogen.
Photon laser scanning microscopy C57BL/6 recipients were injected intravenously with pDCs (8 ϫ 10 6 ) from C57BL/6 GFP mice and, 24 hours later, with chloromethyl-benzoylaminotetramethylrhodamine (CMTMR)-labeled (5 M, 30 minutes, 37°C; Invitrogen) OT-II T cells (12 ϫ 10 6 ). After 4 hours, mice were anesthetized and the spleen surgically exposed on a coverslip for 2-photon imaging. Temperature was maintained at 37°C. The apparatus for time-lapse 2-photon laserscanning microscopy consisted of a 20ϫ/0.95 numeric aperture (NA) dipping objective (Olympus) fitted with a 555-nm dichroic mirror and mounted on an LSM510 Meta microscope (Carl Zeiss, Jena, Germany) coupled to a Maitai femtosecond laser (690-1020 nm; Spectra Physics, San Jose, CA). The excitation wavelength was 870 nm. Six images with 6-m z-spacing were acquired every 30 seconds during 30 to 60 minutes.
Statistical analysis
Data were compared by the nonparametric Mann-Whitney U, KruskalWallis, or 2 tests with an ␣ value of 0.05.
Results
Conjugate formation between pDCs and CD4 ؉ T cells
Flt3-L-driven mouse bone marrow cultures have been shown to generate 2 subpopulations of CD11c ϩ DCs, which can be defined according to their expression of B220 or CD11b. 18, 19 CD11c ϩ B220 ϩ CD11b Ϫ DCs correspond to the in vitro counterparts of pDCs, whereas CD11c ϩ B220 Ϫ CD11b ϩ DCs are equivalent to cDCs. These DC subpopulations were isolated on the basis of their differential expression of B220 and CD11b ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article), and were induced to mature by stimulation with the TLR9-ligand CpG 1826. In the absence of maturation stimuli, Flt3-L-derived pDCs displayed a notable immature phenotype characterized by low surface expression of MHC class II and costimulatory molecules ( Figure 1A ). In contrast, immature cDCs expressed significantly higher levels of these molecules ( Figure 1A ). On CpG treatment, cDCs continued to express higher surface levels of MHC class II and costimulatory molecules than pDCs ( Figure 1A ). The expression levels of MHC class II and costimulatory molecules were also assessed in freshly isolated pDCs from lymph nodes. As shown in Figure S2 and Table  S1 , ex vivo-isolated pDCs expressed more surface MHC class II molecules than Flt3-L in vitro-derived immature pDCs, whereas the expression levels of costimulatory molecules were similar.
The capacity of OVA peptide-loaded pDCs to form stable conjugates with naive OT-II CD4 ϩ T cells was assessed before and after CpG-induced maturation and compared with that of cDCs. For this, OT-II T cells were conjugated for 30 minutes with Flt3-L-derived DCs in the absence or in the presence of OVA peptide. In the presence of antigen, the capacity of immature pDCs to form stable conjugates with T cells was significantly lower, at 2 times of incubation tested, compared with mature pDCs or cDCs. In addition, the capacity of immature pDCs to form stable conjugates with T cells was not increased in the presence of antigen ( Figure 1B) . Likewise, the percentage of conjugates formed by ex vivo-isolated pDCs was similar in the absence or presence of OVA peptide (18% vs 22%). In contrast, the other DC subsets tested showed an enhanced capability to form stable conjugates on antigen addition ( Figure 1B) .
To determine whether differences in conjugate formation between pDCs and cDCs could be the result of distinct expression patterns of adhesion molecules, we analyzed the expression of adhesion molecules and the tetraspanin CD9 on immature and mature pDCs and cDCs by flow cytometry ( Figure 1A ). Besides confirming the reported differences in integrin ␣ M (CD11b, Mac1) and CD62L (L-selectin) expression, which are used to define cDC and pDC subpopulations, this analysis revealed a notable contrast between the absence of the tetraspanin CD9 from in vitrodifferentiated and ex vivo-isolated pDCs and its high expression on cDCs ( Figures 1A, S2 ). Tetraspanins laterally associate with several surface receptors, including integrins and MHC class II, 20 and it has also been described that CD9 promotes the formation of MHC class II multimers and enhances antigen presentation, 21 although the role of tetraspanins facilitating T-APC conjugation has not been addressed yet. In addition, pDCs (mainly immature and freshly isolated cells) showed a diminished expression of the ␣ 4 integrin chain (CD49d), CD44, and intercellular adhesion molecule 1 (ICAM-1; Figures 1A,S2 ). All these data indicate that immature pDCs show a diminished capability to form stable conjugates with T lymphocytes, and suggest that this phenomenon could be related to a defective expression of different adhesion molecules.
pDCs can form canonical immune synapses with CD4 ؉ T cells
We next addressed whether pDCs can form ISs with naive T lymphocytes and how these synapses compare with those formed by cDCs. This was done by analyzing several characteristic IS markers on OVA peptide-loaded pDC-OT-II CD4 ϩ T-cell conjugates. Staining of F-actin and the Arp2/3 complex showed actin cytoskeleton polymerization at the contact zone during immature or mature pDC-T-cell interactions, forming a ring structure characteristic of the pSMACs (Figures 2A,S3B ). Talin was also localized at the pSMAC of pDC and cDC ISs ( Figure S3A ).
During cognate interactions of conventional DCs with T lymphocytes, the T-cell microtubular cytoskeleton undergoes dramatic changes that lead to a reorientation of the microtubuleorganizing center (MTOC) toward the vicinity of the DC-T-cell contact area. 22 To determine whether pDCs can induce such cytoskeletal rearrangements during pDC-T-cell interactions, we prepared conjugates of naive OT-II T cells with OVA peptideloaded mature cDCs and pDCs, and double-stained them for ␣-tubulin and CD11b to identify the MTOC and to mark cDCs, respectively. Both DC subsets induced T-cell MTOC translocation toward the contact zone ( Figure 2B ). To further confirm that MTOC translocation to the IS was induced by pDCs, we stained for ␣-tubulin in conjugates formed between CD4 ϩ T cells and purified mature pDCs ( Figure 2C bottom panel) . Interestingly, quantitative analysis of MTOC translocation in T cells forming stable conjugates with DCs revealed that, whereas mature pDCs actively induced MTOC translocation to the contact zone in the presence of OVA peptide ( Figure 2D ), immature pDCs were unable to do so ( Figure 2C top panel, 2D) . In contrast, the capacity of cDCs to induce MTOC translocation on CD4 ϩ T cells did not differ significantly before and after maturation ( Figure 2D ).
T-cell signaling and activation induced by pDCs
TCR engagement induces the phosphorylation and relocation of specific signaling components that interact with the TCR-CD3 complex. To study the signaling events triggered by pDCs during IS formation, we analyzed 2 markers of T-cell activation: phosphorylation of the Rac-1 regulator Vav-1 and the relocation of PKC-to the contact zone. Phosphorylation of the adaptor molecule Vav-1 at Tyr 147, a modification essential for its activation, was frequently observed at the contact zone between mature pDCs and OT-II CD4 ϩ T cells, whereas it was scarcely detected in T-cell conjugates formed with immature pDCs (Figure 3A left panel) . PKC-was also observed concentrated at the contact zone, with translocation detected in approximately 50% of ISs induced by mature OVAloaded pDCs. This percentage diminished to approximately 20% in immature pDC-T-cell conjugates ( Figure 3A right panel, 3B) . By comparison, immature cDCs induced PKC-translocation to a similar extent as mature pDCs, and mature cDCs were highly efficient inducers ( Figure 3B ). Ex vivo-isolated pDCs induced a Additional experiments performed by confocal microscopy showed that, in ISs induced by pDCs, PKC-was surrounded by the actin ring as previously described for ISs induced by other APCs, whereas activated Vav was localized throughout the contact zone ( Figure 3C ). pY174-Vav was also concentrated throughout the IS on cDC-T-cell conjugates ( Figure S3C ). Western blot analysis confirmed that PKC-phosphorylation levels were higher when T cells were activated by mature cDCs, with immature pDCs giving the weakest signal. Similar patterns were found for activation and phosphorylation of Vav and of 2 other molecules involved in T-cell signaling: -chain-associated protein 70 (ZAP-70) and the adaptor molecule linker for the activation of T cells (LAT; Figure 3D ). As expected, no significant activation of these signaling molecules was observed in the absence of antigen ( Figure S3D ; and data not shown).
We then compared the capacity of immature and mature pDCs and cDCs to induce the activation and proliferation of naive OT-II T cells in vitro. Although pDCs and cDCs were able to induce T-cell activation and proliferation, it was evident that immature pDCs showed a diminished stimulatory effect on both CD25 expression and 3 H-TdR incorporation ( Figure 4A,B) . To assess the possible role of low levels of MHC class II expression by immature pDCs on their diminished immunogenic capability, cell proliferation assays were performed with decreasing concentrations of OVA peptide. Interestingly, similar results to those obtained with a single concentration of OVA peptide were observed ( Figure 4C ). Furthermore, assays of cell proliferation by carboxyfluorescein diacetate succinimidyl ester dilution confirmed these results, and additional experiments on CD25 induction showed a similar trend (data not shown). These results suggested that factors other than the diminished expression of MHC class II molecules by immature pDCs may also determine the low stimulatory potential of these cells.
Dynamics of CD4 ؉ T-cell-pDC interactions in vitro
Because the low immunogenic capacity of immature pDCs could be related to a short duration of their interactions with T cells, we analyzed the dynamics of OT-II T-cell-DC conjugation by timelapse videomicroscopy. We found that the majority of T-cell interactions with immature pDCs were short-lived (Ͻ 5 minutes; Figure 5 ; Video S1). In contrast, immature cDCs (as well as mature pDCs and cDC) showed a significantly higher proportion of medium-lived (5-15 minutes) and long-lived (Ͼ 15 minutes) contacts (Figure 5A ,B; Videos S2-S4). Mean contact duration of CD4 ϩ T cells with immature pDCs (5.8 minutes Ϯ 1.3 minutes) was significantly lower (P Ͻ .05) than that with mature pDCs Figure 2 . pSMAC formation and MTOC reorientation in pDC-T-cell conjugates. (A) pSMACs formed between OVA peptide-loaded mature pDCs (mpDC) and cDCs (mcDC) and blue-labeled OT-II CD4 ϩ T cells. Plates show the maximal projection of confocal images from pDC and cDC ISs stained with phalloidin (green) and Arp2/3 (red), the differential interference contrast image, and a high magnification 3-dimensional reconstruction of the pSMAC. For Figures 2A, 3C, 5A, 6D , and S3A-C, a Leica TCS-SP5 confocal laser scanning unit attached to a Leica DMI6000 inverted epifluorescence microscope, with a HCX PL APO 63ϫ/1.40-0.6 NA oil was used. Images were acquired with Leica confocal software, and figures were composed with Adobe Photoshop CS. (B) Matured Flt3-L-derived cells (mpDCs and mcDCs) were loaded with OVA peptide and conjugated with blue-labeled OT-II CD4 ϩ T cells and doublestained for CD11b (red) and ␣-tubulin (green). cDCs and pDCs are indicated by red and white asterisks, respectively. For Figures 2B, 2C , and 3A, fixed cells were mounted on ProLong Gold (Invitrogen) and observed at 22°C on a Leica DMR photomicroscope (Leica, Wetzlar, Germany) with a HCX PL APO 63ϫ/1.32-0.6 NA oil objective, coupled to a COHU 4912-5010 Camera (COHU, San Diego, CA). The acquisition software was Leica QFISH, version 2.1, and images were processed with Adobe Photoshop CS. For personal use only. on March 31, 2017. by guest www.bloodjournal.org From (16.2 Ϯ 1.1 minutes), immature cDCs (9.7 Ϯ 1.5 minutes), and mature cDCs (24.8 Ϯ 0.9 minutes).
Imaging of pDC-T-cell interactions in vivo
To analyze pDC-T-cell interactions in the physiologic environment of lymphoid organs, we performed intravital 2-photon experiments after adoptive transfer of OVA peptide-loaded immature and mature pDCs and OT-II CD4 ϩ T cells. Because migration of cDCs to lymph nodes has been demonstrated to induce their maturation, 23 we first examined whether immature pDCs were induced to mature after migration. For this, immature Flt3-L-derived pDCs from Ly5.2 ϩ mice were injected intravenously or subcutaneously into syngeneic Ly5.1 ϩ recipients, and their presence was detected in the spleen and popliteal lymph nodes after 20 hours. Flow cytometric analyses showed that pDCs migrated more efficiently to the spleen than to the popliteal lymph nodes ( Figure 6A ) and that Ly5.2 ϩ pDCs that had migrated into the popliteal lymph nodes of Ly5.1 mice bore the hallmarks of mature DCs (high expression of MHC class II and CD86 molecules; Figure 6B ). In contrast, Ly5.2 ϩ pDCs that had migrated after intravenous injection into the spleen only showed a slight increase in the expression of MHC class II and costimulatory molecules ( Figure 6B ). Additional flow cytometry analyses showed that, although both immature and mature pDCs were able to induce the activation of Ly5.2 ϩ OT-II T cells, as For personal use only. on March 31, 2017 . by guest www.bloodjournal.org From assessed by their forward scatter pattern and CD25 expression, the immunogenic capability of immature pDCs was lower than that of mature cells ( Figure 6C ).
To visualize pDC-T-cell interaction in vivo, immature and mature pDCs derived from GFP transgenic mice and loaded with OVA peptide were injected intravenously into syngeneic C57BL/6 recipients. After 16 hours, OT-II CD4 ϩ cells labeled with the red fluorescent dye CMTMR were injected intravenously into the same recipient. Finally, 4 hours after transfer, mice were anesthetized and the spleen microsurgically exposed for analysis by intravital 2-photon microscopy. This analysis allows imaging up to a depth of 150 m, corresponding mainly to the red pulp area. Before the 2-photon microscopy, the splenic anatomic compartments in which transferred pDCs and T cells were localized were determined in histologic sections from similarly treated animals. It has been recently reported that, in untreated mice, whereas cDCs are mostly located in the outer T-cell areas and in the marginal zone, with few cDCs in the red pulp, pDCs are mainly located in the red pulp and the T-cell area. 24 We found that the transferred pDCs were preferentially located in the red pulp close to the marginal zone, with a few scattered cells within the white pulp; in contrast, T lymphocytes were mainly concentrated in the T-cell areas, although they were frequently observed in the red pulp, colocalizing with pDCs ( Figure 6D 
Discussion
Although it has been considered that pDCs are mainly involved in innate antiviral responses, recent research has focused on their function in adaptive immunity as professional APCs. 25 In the present study, we have characterized, both in vitro and in vivo, how pDCs physically interact with naive CD4 ϩ T cells.
The precise structure of the IS remains a matter of controversy. Whereas canonical pSMAC-cSMAC patterns have been described in studies of T cell-B cell and T cell-planar bilayer interactions, 26 both multifocal structures and concentric organizations have been reported for T-cell-DC ISs. [27] [28] [29] However, it is well established that the DC-actin cytoskeleton plays an active role during IS formation by providing a structural scaffold for several key molecules involved in T-cell activation. 30 Our data show that mature pDCs are able to form canonical IS with CD4 ϩ T cells, with clustering and segregation of key molecules into SMACs, and rearrangement of the actin cytoskeleton and translocation of the T-cell MTOC. The existence of a canonical IS between pDCs and T cells is further supported by the segregation of PKC-surrounded by actin cytoskeleton at the pSMAC. Interestingly, a recent report has revealed an essential role for PKC-in breaking SMAC symmetry, destabilizing the IS, and determining IS duration. 31 Moreover, we observed that Vav, which has an essential role in T-cell signaling and integrin clustering during antigen presentation, 32 is located throughout the contact zone. In contrast, immature pDCs showed a diminished capability to form stable conjugates with T cells as well as a deficient activity as immunogenic APC.
On the basis of previous reports, 33 it can be postulated that the deficient capacity of immature pDCs to form stable interactions with CD4 ϩ T cells is related to a diminished expression of adhesion and/or costimulatory and MHC class II molecules. In this regard, it has been described that peptide-MHC class II potency dictates the duration of cDC-T-cell contacts. 34 We have found that immature pDCs, in contrast to the other DCs analyzed here, expressed very low levels of MHC class II molecules and were inefficient at promoting conjugate formation even in the presence of antigen. Accordingly, these immature cells showed a limited immunogenic capability. However, it is of interest that, despite their very low levels MHC class II expression, immature pDCs were able to induce a modest but significant level of T-cell activation and proliferation.
Our data suggest that ex vivo-isolated pDCs and in vitrogenerated pDCs are not completely equivalent, mainly regarding the expression levels of MHC class II molecules. However, we have found that these 2 cell types show a similar behavior in conjugate formation and PKC-relocation assays. Moreover, it has been previously described that freshly isolated pDCs exhibit a reduced T-cell stimulatory potential, 5 similar to that described here for in vitro-derived immature pDCs.
Adhesion molecules are essential for scanning the DC surface by T cells during the initial phases of synapse formation. 13, 35 Our data indicate that immature pDCs express lower levels of adhesion molecules and integrins than cDCs, and that the surface expression of these molecules is up-regulated after maturation. These differences are especially notable for ICAM-1, and this might partly explain the different capacities to form DC-T-cell conjugates observed in this study because ICAM-1 expression by DCs is required for long-lasting T-cell-DC contacts. 36 A striking observation in the present study was the lack of cell surface expression of the tetraspanin CD9 by pDCs, but not by cDCs, irrespective of their maturation state. Tetraspanin microdomains have been proposed as membrane organizers on the basis of their lateral association with several surface receptors, including adhesion and MHC class II molecules. 20 Although tetraspanins are localized at the cSMAC during IS, 37 their precise role in T-APC conjugate formation has not been elucidated. However, it has been described that CD9 enhances the immunogenic capacity of DCs by promoting the formation of MHC class II multimers. 21 Moreover, tetraspanin microdomains are enriched in MHC class II molecules carrying a selected set of peptide antigens, and APCs deficient in tetraspanin microdomains have a reduced capacity to activate CD4 ϩ T cells. 38 Therefore, it is feasible that the lack of expression of CD9 by immature pDCs significantly contributes to their modest capability to induce T-cell activation and proliferation. In addition, the absence of CD9 on the cell membrane of mature pDCs might also be related to their lower immunogenic effect compared with mature cDCs. However, the exact role of CD9 in the formation of the IS and the stimulatory activity of DCs remains as an interesting point to be defined.
Our data show that immature pDCs are less efficient at inducing the activation of signaling molecules and the proliferation of T cells. In this regard, it has been described that defective LAT activation is associated with T-cell anergy. 39 In addition, previous studies have proposed a role for pDCs in the maintenance of peripheral tolerance. Thus, immature thymic pDCs have been reported to promote the differentiation of regulatory T cells in vitro, 5 and lung pDCs prevent in vivo sensitization to inhaled For personal use only. on March 31, 2017 . by guest www.bloodjournal.org From antigens. 12 Furthermore, an essential role has been demonstrated for pDCs during the induction of regulatory T cells in transplant tolerance, 10 tumor immunology, 40 and autoimmune diseases. 41 The contributions made by DC-T-cell contact duration and frequency to the functional T-cell outcome remain a matter of debate. Our results demonstrate that mature pDCs preferentially establish long-lived Flt3-L-derived pDCs from GFP mice were intravenously injected into C57BL/6 recipients. After 16 hours, the recipients were intravenously injected with OT-II CD4 ϩ cells labeled with CMTMR. After 4 hours, mice were killed and spleen sections were stained for CD3 or MOMA-1 (yellow) and Hoechst for nuclear staining (blue). Plates show maximal projections of confocal sections. (E) pDCs from GFP mice were either left immature or matured with CpG (24 hours) and then loaded as indicated with OVA peptide and intravenously injected into C57BL/6 recipients. After 16 hours, the recipients were intravenously injected with OT-II CD4 ϩ cells labeled red with CMTMR. Mice were anesthetized 4 hours later and spleens were microsurgically exposed for intravital 2-photon imaging. Intravital time-lapse 2-photon laser scanning microscopy images of GFP (pDCs) and CMTMR-labeled T cells (red) are presented as average intensity projections along the z-axis. Long-lasting interactions are indicated (circles). Images were average-projected using ImageJ (National Institutes of Health), and manual tracking of individual cells was performed with Metamorph software. (F) DC-T-cell interactions were classified into 3 categories according to their duration: short (Ͻ 5 minutes), medium (5-15 minutes), and long (Ͼ 15 minutes). The histogram shows the proportions in each category. *P Ͻ .05 compared with immature pDCs by 2 test. Results represent more than 100 interactions per condition from duplicates from 2 independent experiments (n ϭ 144 for ipDCs [ϪOVA] , n ϭ 212 for ipDCs [ϩOVA] , and n ϭ 109 for mpDCs [ϩ OVA]).
DC-T-cell interactions, whereas immature pDCs mainly form shortlived interactions. The importance of prolonged T-cell-DC interactions for efficient CD4 ϩ T-cell activation in vivo has been recently reported. 42 Other studies have revealed that, under experimental conditions leading to CD8 ϩ T-cell tolerance, CD8 ϩ T cells failed to establish long-lasting contacts with DCs and, instead, made multiple short-lived contacts. 43 However, other studies have demonstrated that, although only a low percentage of T cells are arrested under tolerogenic conditions, the overall T-cell mean velocity was similar both under priming and under tolerogenic conditions. 44, 45 In the case of pDCs, we consider that additional studies are necessary to elucidate the functional consequence of short-lived contacts between pDC and T cells and whether or not there exists a causal relationship among maturation state of the pDC, contact duration, and immunogenic function.
In conclusion, our work describes the characteristics and dynamics of cell-cell interactions between pDCs and CD4 ϩ T lymphocytes and explores their functional consequences. Our data indicate that immature pDCs preferentially form transitory contacts with naive T cells, and exhibit a very limited capability to induce the activation of these cells. Our study also suggests that, on maturation, pDCs can function as professional APCs, establishing long-lived stable contacts with T cells, forming functional ISs able to initiate T-cell activation.
